Retinal disease represents a growing global problem, both in terms of quality of life and economic impact, yet new therapies are not being developed at a sufficient rate to meet this mounting need. In this context, retinal organoids derived from human induced pluripotent stem cells hold significant promise for improving upon the current drug development process, increasing the speed and efficiency of moving potential therapeutic agents from bench to bedside. These organoid systems display the cell-cell and cell-matrix interactions, cellular heterogeneity, and physiological responses reflective of human biology and, thus, have the ability to replicate retinal disease pathology in a way that 2-dimensional cell cultures and animal models have been heretofore unable to achieve. However, organoid technology is not yet mature enough to meet the high-throughput demands of the first stages of drug screening. Hence, the augmentation of the existing drug development pipeline with retinal organoids, rather than the replacement of existing pathway components, may provide a way to harness the benefits of this improved pathological modeling. In this study, we outline the possible benefits of such a symbiosis, discuss other potential uses, and highlight barriers that remain to be overcome.
Introduction
T he retina, the means through which most people primarily perceive the world, is a complex and delicate organ. Part of the central nervous system, the human retina lacks regenerative capacity, and thus, its damage results in permanent vision impairment or total blindness.
Retinal degenerative diseases are debilitating conditions that affect millions of people worldwide. Globally it is estimated that 8.4 million people suffer from age related macular degeneration (AMD), 4 million from glaucoma, 2.6 million from diabetic retinopathy, 1 and over 1 million from retinitis pigmentosa. 2 What's more, the number of people affected appears to be increasing with global population age. 1 This raises significant concerns, both for individual quality of life and for economic impact, as the annual financial burden of adult visual disorders surpasses $35 billion in the United States alone. 3 Despite this growing problem, the treatment and management of retinal diseases remain challenging. While novel regenerative strategies are being devised in research laboratories, most of these potential therapies have not yet made their way to the clinic, leaving current patients to rely on traditional approaches focused on disease prevention or progress retardation that are often insufficient.
The clear need for new therapeutic drugs for retinal diseases has been met with a relative lack of progress. As of 2015, only 13.8% of drugs across all indications were estimated to progress from phase I clinical trials to approval. 2 Drugs that do reach the market will have accrued an average development cost of five billion dollars of R&D. 3 We argue that this is due, in part, to the current inefficiencies of the drug development pipeline.
Traditionally, drug screening begins in 2-dimensional (2D), dissociated cell cultures, often based on immortalized cell lines. However, 2D cultures carry inherent inaccuracies as they lack the cellular diversity, organization, and mechanical and chemical signaling dynamics inherent to the 3-dimensional (3D) biology found in vivo. Thus, intricacies inherent to cellular physiology and, importantly, pathophysiology can be absent. This can mask unanticipated blunted, toxic, or even exacerbated effects when the same therapies are trialed in humans, leading to wasted resources while potentially overlooking other more effective therapies. Moreover, the use of animal models in preclinical studies, although valuable and necessary, cannot completely overcome these inadequacies, as they are oftentimes unable to fully recapitulate human pathophysiology, resulting in a leaky screening pipeline.
Thus, a tremendous effort is being undertaken by researchers around the world to generate innovative, physiologically relevant models that can overcome these obstacles, maximizing the efficiency of the drug development pipeline. This is in line with the National Eye Institute's Audacious Goals Initiative statement which, while specifically discussing neural regeneration, called for improved and increased translational research around vision restoration. 4 At the forefront of this effort is the utilization of retinal organoids derived from human stem cells to model diseases and test novel therapeutics. In this scenario, 3D retinal organoids are in a unique position to enhance or replace several stages of the existing drug development pipeline. In this article, we present an overview of some of the latest innovations in organoid technology and retinal disease modeling and suggest ways in which they could be incorporated into the existing drug development pathway.
From Dissociated Cells to Retinas in a Dish
Dissociated, 2D cell cultures have been traditionally used for drug screening due to their relative simplicity, ease of use, and scalability, as well as the availability of numerous existing quantitative and automatable technologies and assays. These models have been invaluable and will likely continue to have their place in the drug discovery pipeline.
However, it is becoming increasingly evident that they are not sufficient to ensure the discovery of successful drug candidates. This includes human induced pluripotent stem cell (hiPSC)-derived 2D cultures, which incorporate important advantages over immortalized cell lines and primary cell cultures, yet have so far only led to the identification of a small number of candidate therapeutic compounds through high throughput screening (HTS). 5, 6 This scenario is likely due to the fact that dissociated cell cultures fail to account for the effects of cell morphology and chemistry due to cellcell interactions in 3D native environments and, thus, fail to recapitulate important aspects of disease pathophysiology. These models also lack additional immediate support cell types, as well as distant organ cell types, each of which may affect drug potency or represent sources of toxicity.
One promising strategy to overcome these problems is the recent development of zebrafish-based whole organism screening platforms. [7] [8] [9] Zebrafish (Danio rerio) constitutes the only vertebrate model to date that can truly be used for HTS in whole organisms, allowing the possibility to evaluate drug toxicity and in vivo effects on all organs and systems simultaneously. Their small size, transparency, and permeability to small molecules facilitate their use in chemical screening platforms. 9 Moreover, a versatile and readily accessible quantitative screening method has been developed for whole organism zebrafish screening that is capable of achieving true HTS capacities. 10 However, despite their advantages, zebrafish systems pose similar drawbacks as other animal models in that their ability to recapitulate human pathophysiology may be limited. Thus, the development of improved human-based in vitro systems is still a highly desirable component that can contribute significant value and efficiencies to the drug development pipeline.
In this context, 3D stem cell technologies stand to improve upon many of the shortfalls of 2D cultures. Human stem cells can be induced to differentiate in vitro into highly organized 3D retinal tissue or ''retinal organoids.'' These organoids are capable of faithfully recapitulating the retina's native histoarchitecture and cellular composition, [11] [12] [13] providing a far more realistic snapshot of in vivo biology. Moreover, these organoids have been shown to achieve advanced levels of cellular maturation, including the ability to respond to light. 12, [14] [15] [16] Of particular interest is the use of hiPSC for these applications. These cells have the advantage of being readily available, as they can be produced from a variety of sources, such as fibroblasts, blood, or urine, and offer the unprecedented opportunity of generating retinal tissues that carry a patient's individual genetic makeup. 5, 6, 15 This technology thus has the potential to realize the promise of personalized medicine and decrease the likelihood of rejection in transplantation approaches. 17 Moreover, patient-derived 3D retinas can be applied to the generation of improved disease models through disease-causing mutations; can be used to screen for drugs that are active in a patient-specific genetic background; and can be applied to the design of ''clinical trials in a dish'' by facilitating the sampling of a diverse population in drug screening assays.
Finally, retinal organoids can be applied not only to the screening of compounds and small molecules, but also to the testing of gene therapy strategies and certain drug delivery approaches, including the use of nanoparticles.
Retinal Organoid-Based Disease Models
To develop improved drug screening assays based on organoid technologies, it is imperative to generate adequate and robust disease models that can be used to evaluate drug effects on disease pathophysiological hallmarks through phenotypic screening. Several studies have already displayed some success in recreating retinal pathology from patient-derived cells.
X-linked retinitis pigmentosa has been recreated in 3D retinal organoids to investigate the disease mechanisms associated with retinitis pigmentosa GTPase regulator (RPGR) mutations. This study implicated the loss of RPGR-driven Gelsolin activation and consequent dysregulation of actin disassembly in the disease pathogenesis. 18 Furthermore, a later study using organoids generated from 3 retinitis pigmentosa patients harboring RPGR mutations demonstrated that CRISPR-Cas9-mediated correction of these mutations rescued photoreceptor structure and electrophysiological properties and reversed the observed ciliopathy. 19 Retinal organoids were also used to help elucidate the localization and role of receptor expression enhancing protein 6 (REEP6; the mutation of which is known to cause autosomal recessive retinitis pigmentosa), in retinal homeostasis, providing insights into disease pathophysiology. 20 In a different study, the role of the small GTPase ARL3 and its activating protein retinitis pigmentosa 2 (RP2) was studied using retinal organoids derived from a patient carrying an RP2 nonsense mutation. The findings of this study suggest a role for these proteins in the trafficking of specific kinesins to cilia tips and raise the possibility that translational read-through inducing drugs, such as PTC124, could be beneficial for patients with this type of retinal dystrophy. 21 Another ciliopathy, Leber Congenital Amaurosis, has been replicated in organoids generated from patient cells in a study that investigated the pathogenic mechanisms caused by a common mutation in the cilia-related gene CEP290. This study demonstrated the restoration of normal ciliary trafficking after treatment with antisense morpholinos as a potential treatment strategy. 22 Finally, a retinal organoid model of an inherited form of glaucoma has been developed using hiPSC from a patient with an optineurin mutation (OPTN E50K). This study showed that patient-derived retinal ganglion cells exhibited a dramatic increase in apoptosis, which could be rescued by the addition of neuroprotective factors. 23 Altogether, these studies demonstrate the feasibility of modeling patient specific disease in retinal organoids and set a precedent for the use of these models in the identification of therapeutic strategies. In addition, CRISPR/Cas9 technology can be used to introduce specific disease-causing mutations in hiPSC lines for organoid generation, expanding the repertoire of disease models with the valuable advantage of allowing the testing of these models vis-a-vis their isogenic controls.
While retinal organoid technologies are ideally suited for modeling monogenic diseases of the neural retina, their potential for modeling more complex diseases for drug screening applications should not be overlooked. For example, known environmental stressors can be added to the culture media to mimic at least some aspects of retinal disease, a practice that has been widely used in other culture systems. 24 Finally, the promise hiPSC-derived models hold for personalized medicine includes the investigation of polygenic diseases or those with unknown etiologies and even the optimization of patient-specific therapeutic targets. However, important limitations of time and cost would need to be overcome to realize that promise.
Screening Technologies for Retinal Organoids
The application of retinal organoids in phenotypic drug screening has been hampered by a dearth of quantitative assays suitable for 3D models. Traditional 2D cell-based screening platforms utilizing fluorescence, imaging, and biochemical assays take advantage of their 2D arrangement and often homogenous cellular composition to have instant access to the entire test population for the measurement of experimental variables. Three-dimensional cultures lack this inherent geometric advantage, and their analysis is further complicated by the presence of multiple cell types organized in specific and biologically meaningful arrangements. Thus, measurement of experimental variables is more challenging in these systems because of issues like the need for spatial focus/resolution, penetration of dyes/lasers for imaging, drug diffusion kinetics, and difficulty parsing measurements from the various cell types present.
To overcome these limitations, we recently developed a fluorescent reporter-based quantitative screening platform for 3D retinal organoids. This platform, termed 3D automated reporter quantification, is based on fluorescence intensity measurements in multiwell plates and features speed, sensitivity, and reproducibility parameters compatible with high-throughput applications. 25 As proof of concept of the utility of the platform in drug testing, we used JC-1, a fluorescence-based mitochondrial depolarization marker, to evaluate mitochondrial health in retinal organoid photoreceptors in longitudinal studies. 25 Alternatively, technologies that have been successfully used for drug screening in other 3D systems could also be adapted to retinal organoids, thus expanding the breath of output measurements and screening platforms for these models. For example, luminescence-based assays have been used to assess the effect of drug candidates on cell viability in ''tumorspheres,'' cancer-like organoids derived from hiPSCs. 26 This type of assay could be seamlessly adapted to retinal organoids for the development of a screening platform, yet its reliance on cell lysis means that outcome measurements necessarily represent the response of the tissue as a whole rather than of a specific cell type.
Other potentially useful assays for the assessment of global effects of drug treatments on retinal organoids include fluorescence-based dihydroethidium staining to evaluate oxidative stress in the retina 25 or colorimetric assays for cell viability such as WST-8 or MTS, where a substrate is reduced by enzymatic cellular activity resulting in the formation of a yellow-color formazan dye that is proportional to the number of live cells. 27, 28 However, these assays should be optimized for retinal organoid models to ensure proper tissue penetration and linear correlation with cellular status in a 3D context.
Image-based technologies for high content screening are also being adapted to 3D systems and, thus, hold promise for retinal organoid-based screening platforms (for a thorough review on this topic, see Li et al.) . 29 Finally, the development of multielectrode arrays now allows for the electrophysiological recording of hundreds of cells in a tissue simultaneously [30] [31] [32] [33] and has already been applied to retinal organoid systems. 16 Overall, however, the implementation of these organoid technologies at a scale necessary to meet the demands of HTS, which is commonly thought of as >10,000 screens per day, with ultra-HTS defined as >100,000 screens per day, 34 is not currently possible due to technical limitations discussed below, as well as the potential high cost of such an endeavor. Thus, we propose a new and more realistic drug development pipeline that could capitalize on the advantages of these powerful technologies for drug development applications (Fig. 1) . In this optimized model, 3D organoid systems stand as an intermediate step between 2D cultures and animal models, in a secondary screening and validation phase, reducing unnecessary and costly animal experimentation without the need to meet initial screening quantities necessary for the first steps of drug discovery.
Still, even at this smaller scale, careful consideration should be given to certain aspects of the study design, namely: (1) The use of multiple independent clones per phenotype (at least 3 biological replicates), although not always possible due to accessibility and costs, is an ideal scenario to increase reproducibility and disease-specific efficacy. In addition, cell lines derived from different sexes should be included in validation assays in cases where sex is a disease-relevant variable; (2) Technical replicates and multiple dose concentrations are critical for added rigor in these secondary screening phases and for dose-response assessment in validation steps; (3) Positive and negative controls should be included in every assay (these are assaydependent, but could include, for example, wild-type organoids and vehicle treated disease models); and (4) 20 AASEN AND VERGARA Screening performance can be determined using Z¢ factor or SSMD* statistical parameters. 5, 6, 25 
Barriers and Solutions
Despite the significant advances in stem cell-derived organoid technologies and their numerous advantages over other systems, there still exist several challenges to overcome before the potential of 3D retinal organoids for drug development can be fully realized. These include:
Time
The time and attention required for the culture of complex 3D structures are inherently greater than their 2D counterparts. Particularly, the generation of retinal organoids mimics native retinal development both spatially and temporally. 12 This is a remarkable feature, but it implies a time frame of several months to almost a year, analogous to embryologic timelines, for the generation of laminated, relatively mature retinas from hiPSC, which can pose a significant challenge, both regarding time and costs, for industrial applications Thus, efforts are being undertaken to overcome this issue. For example, the use of rotating bioreactors for the growth of 3D retinal tissue from mouse stem cells has been shown to improve the growth and slightly accelerate the differentiation rate of organoids compared to static protocols. 35 Yet no technology currently exists for the generation of relatively mature retinal organoids at a significantly faster rate. Thus, until accelerated organoid generation and differentiation can be achieved, this issue can be bypassed by maintaining banks of retinal organoid tissue through a continuous pipeline of organoid generation, allowing for rapid, on-demand experimentation.
Maturation
Another concern for the application of retinal organoids in drug development is the fact that they constitute developing systems. Thus, while congenital retinal dystrophies may be more easily modeled by these organoids, some prevalent retinal diseases don't present until late in life, in mature retinas. Moreover, the pathogenesis of these diseases may be influenced by a lifetime of epigenetic modifications and environmental insults, posing additional challenges for their modeling with organoid systems. 36 In addition, as retinal organoids age and photoreceptors acquire more mature characteristics, the cells in the inner layers of the retina start to degenerate, beginning with retinal ganglion cells. This could constitute a limitation for investigations requiring complete retinal structures with fully mature and differentiated cellular components.
Therefore, strategies to aid in the aging of retinal organoids or to promote the survival of all retinal cell types for long periods of time constitute critical and currently unmet needs in this field.
Lack of extra-retinal structures
Another limitation of current retinal organoid technologies for drug development is their lack of vascularization and absence of inflammatory cell types, features that limit the kinds of diseases that can be replicated in these models. For example, pathologies such as diabetic retinopathy, in which a vascular insult is central to the pathophysiology, cannot be faithfully recapitulated. Thus, screening for this type of diseases would be limited to the addition of specific inflammatory factors or other known cellular stressors to the culture media for neuroprotective drug development.
Similarly, the lack of juxtaposition of a polarized retinal pigmented epithelium (RPE) to the retinal structure limits their application to diseases in which this interaction plays an important role in disease pathophysiology such as AMD. For this reason, research is underway by multiple groups to try to generate novel organoid-based models that recapitulate the retina-RPE interaction. Even then, such models will be more likely to be applied to candidate drug validation rather than to larger scale screening.
Genetic variation
Much has been said about the potential of iPSC-derived models to replicate retinal diseases, but additional challenges surface when considering the generation of data that are generalizable to the public. Variability between iPSC lines have been reported, particularly with regards to their differentiation efficiency. 5 However, with current protocols, once these cells are differentiated into retinal organoids they follow an endogenous developmental program of retinal cell differentiation, organization, and maturation that is remarkably consistent in organoids from different sources at the same time of differentiation. 12 Interestingly, there is evidence that most of the genetic 37 and transcriptional 38 diversity between iPSC clones can be attributed to interdonor variability, rather than to differences between lines generated from different cell sources derived from the same donor. 37 That is, this variability seems to stem from a true representation of the genetic diversity in a population.
Therefore, efforts are being undertaken to overcome this barrier. Namely, the hiPSC Initiative provides a large database of iPSCs for researchers to consult when selecting their clones and evaluating their findings. 39 What's more, statistical analyses and tools have been developed to appropriately adjust sample sizes and ensure adequate power despite these variations. 40 In contrast, this characteristic can be seen as an opportunity, as iPSC technologies can be applied to the development of a ''clinical trial in a dish'' where a candidate drug could be validated for its effect on a broader sample of the population.
Scalability and automation
Current protocols for the generation of retinal organoids can be laborious and, in most cases, still require manual isolation or selection of tissues, increasing costs and hampering automation. However, the use of bioreactors and robotic technologies for media exchange, reagent addition, and organoid sorting and plating can provide some level of automation, as well as improve scalability. In addition, retinal organoid cultures have recently been adapted to a 96-well plate format, presenting important advantages for large-scale applications. 16 Cost Each of the aforementioned barriers contributes to the overall cost of retinal organoid production and utilization. The extensive time required for the development of mature organoids necessitates a steady flow of organoid generation or otherwise lengthens the time to experimentation, increasing capital consumption. The high cost of reagents for stem cell-based cultures and the intensive manual labor involved in certain stages of the differentiation protocol may make the cost of large-scale drug screening in organoids prohibitive except perhaps for major drug companies. Scalability and automation are key to decreasing time and labor requirements and, thus, cost.
As these barriers are addressed, the overall obstacle of cost will decrease as well. Until then, utilization of organoid technology as an intermediate between HTS and clinical trials is a more realistic proposition and an investment that may be justified by the reduction in costs from having fewer unsuccessful drugs advancing to the significantly more expensive clinical trial stages.
Mimicking Complexity
Evaluating target tissues for drug effects on pathologic mechanisms is at the heart of drug screening. iPSCs have the ability to generate multiple tissue types, providing the opportunity to pursue additional levels of complexity to better mimic human conditions. Indeed, the last few years have seen a booming of organoid technologies with the derivation of brain, 41, 42 gut, [43] [44] [45] lung, 46 kidney, 47 and liver [48] [49] [50] organoids, among others, from human stem cells. Thus, the screening of drugs on microfluidic chips containing patient-derived tissues representing multiple organs to evaluate not only efficacy but also potential toxicity and side effects represents an ambitious prospective avenue for development. 51 This concept has the immediate value of more accurately simulating the clinical context and, while it will not replace clinical trials, it has the potential to reduce the numbers of fruitless trials with their associated costs and ethical quandaries, by providing for a more efficient drug development pipeline.
Advances in microfluidic technologies, biomaterials, and microfabrication are already bringing this prospect closer to realization. However, multi-organoid-on-a-chip technologies still need to confront several challenges. Many of the limitations mentioned above for retinal organoids are common to other organoid systems as well. Yet organoid-on-a-chip technologies present further challenges related to the optimization of media conditions that can be applied to all organoids being tested simultaneously, the optimization of the level of maturation required for each component, the mass ratios of different organoids, and lack of vascularization, among others. And this is in addition to matters related to chip materials, extracellular matrices, microfluidics optimization, etc. 51, 52 Despite these difficulties, several groups have engineered initial prototypes experimenting with multiorgan physiology on a chip. Encouraging results have been obtained using 2D human cell-based chips to evaluate multitissue toxicity with representation of cardiac, muscle, neuronal, and liver cell types. 53 This study tested the response of the system to five different drugs with known side effects and obtained results that were in agreement with published human and animal toxicity data, demonstrating the usefulness of these multitissue chip approaches to recapitulate aspects of human physiology. Moreover, important advances have been made in the last few years for the adaptation of this chip technology to 3D human cultures, with representation of heart, lung and liver tissues, 54 and intestine, liver, skin, and kidney. 55 While many barriers need to be overcome as described above, the further development of these systems using patient iPSC-derived organoids could provide the opportunity for personalized pharmacokinetic studies. 54 Future drug screening paradigms utilizing retinal organoids incorporated in these chips could evaluate off-target toxicity and toxicity of possible metabolites from hepatic processing (Fig. 1 ). In addition, retinal organoids could be considered as standard additions to other multiorgan chips to assess retinal toxicity of possible nonretinal therapies, as vision changes are considered serious side effects for any drug.
Conclusions
The current drug development pipeline does not meet the needs of the growing population of people with retinal 22 AASEN AND VERGARA disease. R&D investigators should consider adopting novel screening methods, specifically the use of hiPSC-derived organoid models, to enhance existing protocols. With recent advances in technology, the integration of organoids, whether individually or in conjugation with chips, represents not only an opportunity to lower costs and improve clinical trial success rates but also to change the shape of drug development entirely through the personalization of drug identification. Today's drug development pathways are not sufficient, and organoids developed from hiPSCs just might be tomorrow's answer.
